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In present study, the two phase flow boiling heat transfer coefficient and pressure drop of R410A, R32 and R290 in 
microchannels are demonstrated. The experimental data were conducted in horizontal stainless steel tubes with the 
inner diameter of 0.3 mm and 1.5 mm. The testing conditions were performed with the mass fluxes range from 200 
to 500 kg/m2s, the heat fluxes from 10 to 20 kW/m2, the saturation temperature of 10˚C and the vapor quality from 
0.1 to dry-out. The effects of mass flux and heat flux on the heat transfer coefficient and pressure drop were 
analyzed. The experimental data were also compared with some well-known heat transfer coefficient and pressure 
drop correlations. A modified heat transfer coefficient correlation for alternative and natural refrigerants was 




In recent decades, natural refrigerant such as propane (R290), ammonia (NH3), carbon dioxide (CO2) and low 
global warming potential refrigerant such as R32, R1234yf are expected to be the promising candidates for the next 
refrigerant generation. However, both R290 and R32 have not been used commonly in refrigeration system due to 
their flammability. The solution may come up by using the mixture composed of R32 and R290 that can decrease 
the hydrocarbon flammability (Higashi, 2004). One of the other solution is to reduce the refrigerant charged by 
using the heat exchanger with small hydraulic diameter tube or parallel channels. 
In the open literature, various papers demonstrate the boiling heat transfer performance of R32 and R290 in macro 
channel, which have the inner diameter larger than 3 mm (Shin et al., 1997; Choi et al., 2000; Wu et al., 2012 
Hossain et al., 2013) but there are limited papers concerned with small tube (Fernando et al., 2008a, Choi et al., 
2009). Hence the aim of this study is to investigate the boiling heat transfer coefficient of R290 and R32 in micro- 
and mini-channel with the hydraulic diameter of 0.3 mm and 1.5 mm. The effect of mass flux and heat flux on heat 
transfer coefficient and pressure drop of each refrigerant were well demonstrated. The experimental data was also 
compared with numerous existing heat transfer coefficient and pressure drop correlations. 
 
2. EXPERIMENTAL APPARATUS  
 
2.1 Experimental facilities 
The experimental apparatus is comprised of the refrigerant loop, three auxiliary loops, and the data acquisition 
system. The schematic diagram of the refrigerant loop is shown in Figure 1. The refrigerant flow system consists of 
a condensing unit, receiver, magnetic gear pump, mass flow meter, and preheater. Vapor phase refrigerant from the 
evaporative test section was condensed into the liquid phase in the condensing unit. The condensed refrigerant was 
then accumulated in the receiver. The gear pump will deliver the liquid into the test section. The flow rate of the 
refrigerant was varied by controlling the pump speed via a motor controller and measured by a Coriolis-type mass 
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flow meter. The mass quality at the inlet of the test section was controlled using a preheater. Temperatures of 
condenser, sub-cooler and preheater were adjusted by three individual water loops.  
The test sections were made of circular stainless steel smooth tubes with inner diameter of 0.3 and 1.5 mm 
respectively. For evaporation at the test section, power was conducted from an electric transformer to the test 
section. The input electric voltage and current were adjusted to control the heat flux. The test section was well 
insulated with rubber and foam. The outside tube wall temperatures at the top, middle and bottom side were 
measured at every 100 mm axial intervals of the heated length using thermocouples at each measured site. The local 
saturation pressure, which was used to determine the saturation temperature, was measured using Bourdon tube-type 
pressure gauges at the inlet and the outlet of the test section. The pressure transducer was also installed to measure 
the pressure gradient of the refrigerant flowing along from the inlet to the outlet of the test section. Sight glasses 
with the same inner diameter as the test section and the length of 200 mm, were installed to visualize the flow and to 
enhance the flow stability of the fluid before entering the test section. The detail of test section was shown in Figure 
2. 
 
2.2 Data reduction 
 
 





Figure 2: Schematic of test sections 
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2.2.1 Heat transfer coefficient data reduction 
 
The measured saturation pressure at the inlet and outlet of the test section was used to obtain the local physical 








         (1) 
Where i is the enthalpy [kJ kg−1], f is the saturated liquid condition, and g is the saturated vapor condition. The 








        (2)   
Where q is the heat flux [kW/m2], T is the temperature [K], w is a tube wall of the test section, i is the inner side, 
and sat is the saturation condition. The inside tube wall temperature Twi is the average temperature of the top and 
bottom wall temperatures, and is determined using steady-state one-dimensional radial conduction heat transfer 
through the test section wall. The saturation temperature Tsat was obtained from the measured saturation pressure 
Psat. 
 
2.2.2 Frictional Pressure drop data reduction 
 
The total pressure drop of two phase fluid is general calculated by sum of the static head Δpstatic, the momentum 
Δpmomentum  and the frictional pressure drop Δpfrictional  
 
total static mom frict
p p p p           (3) 
 
Since the horizontal tube was used in this study, the pressure head can be neglected. The refrigerant is evaporated 
from liquid at the saturation temperature to vapour-liquid mixture at mass quality x with a linear change of test 
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2.2.3 Uncertainty 
Table 1: The expanded uncertainty 
Parameter Uncertainty 
T type thermo.  0˚C at 100 ˚C 
Absolute pressure  ±0.2 % 
Different pressure ±2.5 kPa 
G refrigerant  ±0.2 % 
G water  ±0.2 % 
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According to the ISO guide to the expression of uncertainty in measurement (1995), the estimated ones in this study 
were obtained that included both the repeated observation and the calibration uncertainties. The calibration 
uncertainties were performed from the manufactory industry and shown in table 1.  
The uncertainties of measurement data were calculated to be the mean of standard deviation. The uncertainty of heat 
transfer coefficient was evaluated by the least square method of combining the uncertainties of measurable 
quantities (temperature, heat flux and pressure). This study reported the uncertainty at 95% of confident level. For 
each test, 300 data points were collected in 5 minutes. Hence, the coverage factor k was approximate 2. The 
experimental of uncertainties of heat transfer coefficient, heat flux, pressure drop and temperature were ±10 %, 
±3%, ±1% and ±0.35 ˚C, respectively.   
 
3. RESULTS AND DISCUSSIONS 
 













































































































Figure 3: The effect of mass flux and tube diameter on heat transfer coefficient 
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Figure 3 illustrates the effect of mass flux on the heat transfer coefficient. The applied heat flux was fixed at 10 
kW/m2 and 20 kW/m2 while the mass flux was ranged from 200 to 500 kg/m2s. The trends show that the mass flux 
has small effect on the heat transfer coefficient of R290 in low quality regime (x < 0.4). At higher one (x > 0.4), the 
higher mass flux conditions raise the higher heat transfer coefficient. For the cases of R32, the mass flux show an 
insignificant effect on whole regime. Moreover, as seen in the figure, heat transfer coefficient of R290 in 0.3 mm 
inner diameter tube is higher than that one in 1.5 mm inner tube. 
The effect of heat flux on heat transfer coefficient of R32 and R290 was depicted in Figure 4. The graphs show the 
strong effect of mass flux on heat transfer coefficient. The heat transfer coefficient is higher with the higher heat 
flux. The contribution of nucleate boiling is dominant in present experimental data. On the other hand, the trends 
show that the dry out of R290 and R32 occurred at moderate quality regime of 0.6 and 0.8, respectively. It can be 
explained by considering the physical properties of refrigerants. At the same saturation temperature, the dry out 



















































































Figure 4: The effect of heat flux on heat transfer coefficient 
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The comparison of experimental heat transfer coefficient with some well-known correlation is depicted in Figure 5. 
Four heat transfer coefficient correlations proposed by Lazarek and Black (1982), Liu and Winterton (1991), 
Beartsch et al. (2009) and Sun and Mishima (2009) were used in comparison. Among them, the one developed by 
Liu and Winterton (1991) shows the best prediction with the mean deviation of about 40%. 
 
3.2 Development of heat transfer coefficient correlation 
In the open literature, numerous studies such as J.R.Thome (2004), Cheng and Mewes (2006) showed that the heat 
transfer coefficient correlation for conventional tube could not predict well the heat transfer coefficient of 
minichannel. In addition, Bertsch et al. (2009) reviewed several heat transfer correlations for both minichannels and 
microchannels. The study noted that most of them developed based on small testing conditions and consequently, 
these correlations did not extrapolate well beyond their often narrow operating range. Therefore, in the present work 
the modified heat transfer coefficient correlations were developed using our data. The formula was based on the 
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Figure 5: Comparison of experimental heat transfer coefficient with some heat transfer coefficient correlations  
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The flow boiling heat transfer in a tube, following Chen correlation (1966), mainly consist two mechanisms: 
nucleate boiling and forced convective evaporation. A superposition model of the heat transfer coefficient may be 
written as follows: 
 
tp lo pb
h Fh Sh         (6) 
The factor F is introduced as a convective two-phase multiplier to account for enhanced convection due to co-
current flow of liquid and vapor by Chen, where F = fn( Xtt). Since the effect of small tube that make the convective 
heat transfer for evaporating refrigerant in small tube delayed with that in conventional tubes, the function should be 
physically evaluated again. Zhang et al. (2004) introduced a relationship between the factor F and the two-phase 







            (7) 
    
For liquid–vapor flow conditions of turbulent–turbulent (tt), laminar–turbulent (vt), turbulent–laminar (tv), and lami
nar–laminar (vv), the values of the Chisholm (1967) parameter C are 20, 12, 10, and 5, respectively. The Martinelli 
parameter, X, is defined as follows: 
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   (8) 
 
Where (dp/dz F) is the pressure gradient due to friction (kPa/m) and ρ is the density (kg m-3). The friction factor f in
 Eq. (8) was obtained by considering the flow conditions of laminar - turbulent flows where f=16Re-1 for Re < 2300
 (laminar flow) and f=0.079Re-0.25 for Re > 3000 (turbulent flow).The liquid heat transfer coefficient is defined by 
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Figure 6: Comparison of experimental heat transfer coefficient with proposed heat transfer coefficient correlations  
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The F factor proposed by Zhang (2004) did not cover all the operating conditions in this work. Hence, a new factor 
F was developed from our experimental data using regression method. Note that, the minimum value of enhancemen
t factor equals to 1 for pure liquid or pure vapor. Hence, its formula was proposed as:  
 
1
1 1( ) ,1
b
fF MAX a c           (10) 
Using the regression program, the values of factor 
1 1 1; ;a b c  were determined as 0.006, 2 and 1.15, respectively. 
The nucleate boiling heat transfer of the experimental data was predicted using the Cooper correlation (1984). For a 
surface roughness of 1.0μm, the correlation is given as follows: 
 
0.12 0.55 0.5 0.6755 ( 0.4343ln )pb r rh P P M q
        (11) 
 
The nucleate boiling suppression factor S in our correlation is function of boiling number Bo and two-phase friction
al multiplier. Using the experimental data from this study, a new nucleate boiling suppression factor, a ratio of hnbc /





fS a Bo         (12) 
 
Where a2, b2 and c2 were evaluated as 0.13, 0.12 and -0.235, respectively. The comparison of heat transfer coefficie
nt between the experimental data and prediction using our correlation is shown in Figure 6. The proposed correlation
 shows a good prediction with the mean deviation of 20.23 % 
 
3.2 Pressure drop 
 
The effect of mass flux and heat flux on pressure drop of R290 and R410A are described in Figure 7. The results 
shows the strongly influence of pressure drop on the mass flux and heat flux. The pressure drop both increases with 


























































Figure 7: The effect of mass flux and heat flux on pressure drop  
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6. CONCLUSIONS 
 
The experimental heat transfer coefficient and pressure drop of R410A, R32 and R290 were demonstrated in this 
study. Through the experimental results, the main finding can be summarized as following: 
 The experimental results showed that the heat transfer coefficient of R32 and R290 increased with the 
increasing of heat flux. The contribution of nucleate boiling is dominant.  
 The frictional pressure gradient is higher with the higher mass flux and heat flux. 
 The present data was compared with various heat transfer coefficient correlations developed for 
minichannel. Among them, the one proposed by Liu and Winterton (1991) shows the best prediction. In 
addition, a modified heat transfer coefficient correlation was also developed using present data. The mean 
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AD Average Deviation, cp  Specific heat  (kJ kg−1 K−1)   
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BO     Boiling number   C Chisholm parameter  
D Diameter   (m)   f Friction factor 
G Mass flux   (kg m−2 s−1)  
g Acceleration due to gravity (m s-2) 
L Tube length     (m)  MD Mean Deviation, 













I enthalpy    (kg kJ-1)   
P   Pressure    (kPa)  
q Heat flux    (kW m-2) Re Reynolds number, GDRe  
T Temperature (K)     
X Lockhart-Martinelli parameter 
x Vapor quality   (-)   
z Length   (m) 
Greek letters 
α Void fraction     μ Viscosity (Pa·s) 
ρ Density (kg m-3)    σ Surface tension (N m−1) 
 Two-phase frictional multiplier   (dp/dz) Pressure gradient (N m-2m−1) 
(dp/dz F) Pressure gradient due to friction (N m-2m−1) 
Subscripts 
crit   Critical point                    exp Experimental value 
f Saturated liquid    g Saturated vapor 
fric Frictional     mom Momentum 
i Inner tube     lo   Liquid only 
o   Outer tube      pb      Pool boiling 
pred Predicted value     r Reduced 
sat Saturation      sc Subcooled 
t   Turbulent      tp Two-phase 
v   Laminar      w Wall 
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